Abstract Metabolic syndrome (MetS), the co-occurrence of obesity, hypertension, hyperglycemia and dyslipidema, is an important risk factor for diabetes, cardiovascular disease and end-organ damage in the brain. Our goal was to determine if metabolic syndrome (MetS) differentially affects cerebral metabolism in middle-aged adults with varying degrees of subclinical vascular disease. Sixty-five neurologically healthy adults aged 40 to 60 years (19 with MetS and 46 controls) underwent ultrasound examination of carotid artery intima-media thickness (IMT), a measure of peripheral vascular disease, a full neuropsychological evaluation, and a proton magnetic resonance spectroscopy ( 1 H MRS) scan of occipitoparietal grey matter. The JohnsonNeyman technique and pick-a-point approach were used to test if MetS-related neurochemical changes were moderated by IMT. The MetS and control groups were comparable in age, education, gender distribution, average IMT, and cognitive performance. MetS individuals with low IMT values (1 SD below sample mean) demonstrated comparable neurochemical concentrations to the healthy controls (t0−0.21, p00.84, 95 % CI −0.106 to 0.086), while MetS individuals with high IMT values (1 SD above sample mean) exhibited significantly elevated glutamate concentrations (t02.84, p00.006, 95 % CI 0.038 to 0.220). We found that the level of peripheral atherosclerosis moderated the level of elevation of cerebral glutamate concentrations in patients with MetS. These results suggest that peripheral metabolic dysfunction in midlife likely acts in conjunction with subclinical vascular disease to foster pro-neurotoxic conditions in the central nervous system creating early brain vulnerability.
Introduction
Metabolic Syndrome (MetS), the clustering of obesity, hypertension, hyperglycemia, and dyslipidemia in a single individual (Alberti et al. 2009 ), is being increasingly recognized as detrimental to cognitive function (Akbaraly et al. 2010; Dik et al. 2007; Gatto et al. 2008; Raffaitin et al. 2011; Vanhanen et al. 2006; Yaffe et al. 2009 ), in addition to its well-established impact on cardiovascular morbidity and mortality (Lau 2009) . MetS is now one of an emerging class of neurological disorders related to rapid changes in lifestyle and environment including reduced physical activity, poor nutrition and pollution (Block and Calderon-Garciduenas 2009; Kanoski and Davidson 2011; Sofi et al. 2011) . Preliminary studies have linked MetS to silent ischemic brain lesions and early white matter deterioration (Bokura et al. 2008; Park et al. 2008; Segura et al. 2009 ), diminished functional brain activation (Hoth et al. 2011) , and alterations in cerebral neurochemistry (Haley et al. 2010a ) similar to those seen in individuals at risk for Alzheimer's disease (Kantarci et al. 2000) . However, the neural and cognitive consequences of MetS, and the conditions under which the syndrome creates or fosters early brain vulnerability are not yet fully characterized. The focus of the present study was to determine if MetS differentially affected cerebral metabolism in middle-aged adults with varying degrees of subclinical vascular disease. We chose to test subclinical vascular disease, more specifically, carotid artery intima-media thickness (IMT), as a moderator of MetS-related brain vulnerability due to its recognized role as an independent risk factor for end-organ damage in the brain in asymptomatic patients (Nguyen-Thanh and Benzaquen 2009).
Methods

Participants
Sixty-five community-dwelling adults aged 40-60 years old were studied. The project was advertised in a local newspaper as well as on-line. Participants with hypertension and diabetes were especially solicited to ensure adequate enrollment in the MetS group. Targeted recruitment of minority participants was used to create a sample representative of the demographic characteristics of the state. The study included 42 % Caucasian, 45 % Hispanic, 10 % African-American, and 3 % Other/Did Not Specify individuals.
Exclusion criteria were: 1) neurological disease (i.e., large vessel stroke, seizure disorder, Parkinson's disease, clinically significant traumatic brain injury, multiple sclerosis, or brain infection/meningitis); 2) major psychiatric illness (e.g., schizophrenia, bipolar disorder); 3) substance abuse (diagnosed abuse and/or previous hospitalization for substance abuse); 4) MRI contraindications. To be included in the final analysis, datasets also had to meet MRS data quality standards (Cramer-Rao Lower Bounds for NAA, mI, Cho or Glu <12). Details regarding the demographic and physiological characteristics of the sample can be found in Table 1 .
Procedures
The local Institutional Review Board approved all study procedures. Volunteers provided their written informed consent prior to the first study visit. Once enrolled, participants completed three study visits on separate days: a general health screening and ultrasound imaging, a full neuropsychological evaluation, and brain MRI imaging.
General health assessment and metabolic syndrome classification Health assessment procedures were conducted as previously described (Haley et al. 2010a) . Fasting blood concentrations of glucose, triglyceride, HDL-cholesterol, and LDL-cholesterol were determined using standard enzymatic techniques; arterial blood pressure was measured using a standard oscillometric blood pressure monitor after at least 15 min of rest; and prescription medications were coded as present or absent according to participant selfreport. A research assistant later classified medications as antihypertensive, lipid lowering, hypoglycemic, antiplatelet, anti-inflammatory, antidepressant, antihistamine, hormone replacement, or biphosphonates.
Metabolic syndrome (MetS) was defined as three or more of the flowing: abdominal obesity {BMI >30, equivalent to waist circumference ≥94 cm for men and ≥80 cm for women, Ultrasound examination and IMT data processing Ultrasound images of the carotid artery were obtained using an iE 33 Ultrasound System equipped with a high-resolution linear-array transducer (Philips, Bothell, Washington) as previously described (Tanaka et al. 2002) . A longitudinal image (B-mode) of the cephalic portion of the common carotid artery was acquired at 90°to the vessels thus making the near and far wall interfaces clearly perceptible. These ultrasound-derived images were saved in DICOM format. Computerized image-analysis software (Vascular Research Tool Carotid Analyzer, Medical Imaging Applications, Coralville, IA) was used for ultrasound image analysis. Carotid IMT was defined as the distance between the leading edge of the lumen-intima interface and the leading edge of the media-adventitia interface of the far wall. The final IMT value was derived using the average of at least 10 measurements. The same investigator, who was blinded to subject characteristics, performed all image analyses.
Neuropsychological evaluation Participants completed comprehensive neuropsychological assessment including measures of cognitive and emotional functioning. A detailed description of the cognitive battery and data reduction strategy has been previously published (Haley et al. 2010a) . Briefly, to minimize Type I error associated with multiple comparisons, we combined tests assessing similar cognitive functions into five cognitive domains: global, memory, language, visual-spatial, and attention-executive. To achieve that, we converted individual test scores into z-scores using the study's sample mean and standard deviation, multiplied scores of timed tests by −1 to ensure that higher scores always denote better performance, and averaged the zscores within each domain. A list of test scores included within each domain is available in Table 2 .
1 H-magnetic resonance spectroscopy Brain imaging for each participant was completed on a 3T GE Signa Excite MRI scanner equipped with a standard head coil. Scan session included 3D high-resolution Spoiled Gradient Echo (SPGR) sagittal images of the entire brain (256×256 matrix, FOV024×24 cm 2 , 1 mm slice thickness, 0 gap) for spectroscopy voxel localization and a PROBE-P 1 H MRS sequence (echo time/ repetition time TE/TR035/3000 ms, 128 excitations, 5000 Hz spectral width). Data were acquired from a 6 cm 3 volume localized in occipitoparietal grey matter including posterior cingulate gyrus. As in our prior studies (Haley et al. 2010a, b) , we focused on occipitoparietal grey matter ( Fig. 1 ) because spectroscopically detectable changes in the neurochemical composition of this region correspond in proportion to severity of cognitive impairment in clinical populations (Kantarci et al. 2000) . We used the commercially available software LCModel to identify and quantify metabolite resonances (Provencher 1993) . In accordance with standard clinical quantification techniques, the concentrations of neurometabolites are reported as ratios relative to creatine (Cr) (Kantarci et al. 2000) . Metabolites of interest included: N-acetyl-aspartate (NAA), a marker of neuronal viability; choline containing compounds (free choline, phosphocholine, and glycerophosphocholine, Cho), markers of membrane breakdown and turn over; myo-inositol (mI), an organic osmolyte and substrate for the synthesis of the secondary messenger, inositol triphosphate; and glutamate (Glu), a marker of excitatory neurotransmission and synaptic integrity (Danielsen and Ross 1999; Ross 1991) .
Data analyses
All variable distributions and regression residuals were examined using the Shapiro-Wilk test of normality, recommended for small samples. Demographic and physiologic differences between the MetS and control groups were assessed using non-parametric Kolmogorov-Smirnov tests, which are sensitive to differences in both the location and shape of the empirical distribution functions of two samples. The moderating effect of IMT on the relationship between MetS status and cerebral metabolite concentrations was explored using the Hayes and Matthes's MODPROBE macro for SPSS (Hayes and Matthes 2009 ). The macro uses two different approaches to assess rigorously the interactions in linear models without unnecessarily dichotomizing a continuous moderator variable. The two approaches are: the Johnson-Neyman (J-N) technique, which identifies the sub-ranges of the moderator variable where the effect of the focal predictor on the outcome is significant versus those where it is not, and the pick-a-point approach, which estimates the effect of the focal predictor on the outcome at several representative values of the moderator. Since there are no non-arbitrary guidelines for selecting points within a non-clinical sample of IMT values, we used the macro's default point selection of low (one SD below the sample mean), moderate (the sample mean), and high (one SD above the sample mean) values of the moderator. All statistical analyses were performed using SPSS 19.0 (IBM Corporation, Chicago, IL).
Results
Descriptive statistics
Demographic and physiological variables for each group are reported in Table 1 . Descriptive statistical analyses revealed an ethnically diverse, middle-aged sample, representative of the population of the state of Texas, where the study was conducted, based on 2000 census data for the state. Nineteen participants fulfilled criteria for inclusion in the MetS group (29 %). The remaining forty-six participants (71 %) were classified as controls. Gender distributions in the two groups were comparable (χ 2 00.12, df01, p00.724) and there were no significant group differences in age, education or carotid IMT ( Table 1) . As expected, the two groups exhibited significantly different fasting glucose levels, BMI, triglyceride, and HDL-cholesterol values (Table 1) . Three participants in the control group and eight participants in the MetS group were currently being treated with antihypertensive medication; one participant in the control group and three participants in the MetS group were taking lipid-lowering drugs; and four participants in each group were being treated with hypoglycemic agents. Thyroid medication, bisphosphonates, psychoactive medication and vitamins were reported at low frequency (≤2).
Metabolic syndrome and cognitive function Raw cognitive test scores and self-reported depressive symptoms are reported in Table 2 . To reduce the number of comparisons, we combined multiple measures into five cognitive domain scores (see Method). There were no significant differences in global cognitive function, memory, language, visuospatial ability, attention-executive-psychomotor performance or reported depressive symptoms between the adults with MetS and controls (Table 2) .
Metabolic syndrome, cerebral metabolism and IMT Neurometabolite concentrations for the MetS and control groups are presented in Table 1 . MetS diagnosis was 
Discussion
In this study, we found that the level of peripheral atherosclerosis moderated elevation of cerebral glutamate concentrations in patients with MetS. While MetS patients with relatively low burden of peripheral atherosclerosis (one SD below the sample mean) had cerebral glutamate concentrations comparable to those of control participants (p00.838, Fig. 2 ), MetS patients with relatively high burden of vascular disease (one SD above the sample mean) had significantly elevated cerebral glutamate (p00.006, Fig. 2 ). Our results show that, even at subclinical levels {IMT <0.9 mm (Van Bortel 2005)}, the greater the burden of peripheral vascular disease, the higher the risk of MetS-related neurochemical alterations such as increased glutamate concentrations. Glutamate, though essential for cognitive function (Riedel et al. 2003) , is also a well-recognized endogenous neurotoxin (Lipton and Rosenberg 1994) . High cerebral glutamate levels promote pathological over-stimulation of glutamate receptors that allow high levels of calcium ions to enter into the cell, initiating structural damage and accelerating cell death (Lipton and Rosenberg 1994) . These findings suggest that: 1) brain vulnerability in MetS (Haley et al. 2010a ) may be specific to a sub-set of MetS patients with comorbid subclinical atherosclerosis; and 2) peripheral atherosclerosis as measured by carotid IMT appears to be an independent risk factor for potential MetSrelated brain damage. While the concept of IMT as an independent risk factor for end-organ damage in the brain in asymptomatic patients might seem novel, this idea is supported by current research (Nguyen-Thanh and Benzaquen 2009) and reinforced by the recent consensus statement (Stein et al. 2008 ) that establishes IMT as a sensitive, noninvasive method to quantify Fig. 1 Volume of interest superimposed on highresolution anatomy and representative spectrum. NAA0N-acetyl aspartate, Glu0gluta-mate, Cr0creatine +phosphocreatine, Cho0choline containing comounds, mI0myo-inositol subclinical vascular disease independent of traditional risk factors such as those included in the MetS definition (e.g., obesity, hypertension, diabetes, etc.). IMT's particular relevance to brain health is also in line with recent reports relating increases in IMT to cognitive decline in patients with cardiovascular disease (Haley et al. 2007; Talelli et al. 2004) as well as community dwelling adults (Romero et al. 2009; Sander et al. 2010; Wendell et al. 2009 ). Furthermore, increased IMT was recently associated with neurochemical alterations in middle-aged individuals (Haley et al. 2010b) . Taken together, the current literature is consistent with the notion that IMT could moderate the relationships between MetS and neurochemical markers of brain vulnerability.
In the present study, the modulating effect of MetS on cerebral metabolism with varying degree of IMT was most clearly evident when cerebral glutamate concentrations were examined. Glutamate is a marker of excitatory neurotransmission and synaptic integrity (Danielsen and Ross 1999; Ross 1991) and is involved in the pathogenesis of neurodegenerative disorders and stroke. The mechanisms by which MetS and arterial wall thickening may act synergistically to produce pathological alterations in cerebral glutamate concentrations are unknown. To date, extracellular accumulations of glutamate and lactate have been well documented only in conditions of severe cerebral ischemia (Hossmann 1994) . In addition, functional and biochemical studies have shown that long-term exposure to hyperglycemia in animal models of diabetes mellitus are associated with important glutamate receptor abnormalities such as impaired AMPA receptor modulation and reduced NMDA NR2B receptor subunit expression (Chabot et al. 1997; Di Luca et al. 1999) . Our results extend the existing literature by providing an indication of cerebral glutamate system dysregulation at earlier stages of hypoperfusion and earlier stages of metabolic disturbance -none of our participants had documented ischemic episodes and only a few had a diagnosis of diabetes. Our findings support recent reports of resting cerebral blood flow reductions in adults with subclinical IMT increases but without identified cerebrovascular disease (Sojkova et al. 2010) as well as evidence of plasma glutamate accumulations in adults with insulin resistance (Tai et al. 2010) . In animal models, glutamate induces oxidative stress-related endothelial death (Parfenova et al. 2006) . Endothelial function plays an important role in the pathogenesis of MetS and in the initiation of atherosclerosis as measured by IMT (Tai et al. 2010) . It is also involved in the regulation of cerebral blood flow. We have recently reported an association between flow-mediated dilation, a peripheral marker of endothelial function, and cerebrovascular response to a cognitive task (Gonzales et al. 2010 ). Yet, it remains unclear how MetS, IMT, and cerebral glutamate are interrelated in the pathophysiology of cognitive dysfunction. Ideally, future studies would include longitudinal tracking of changes in IMT in relation to both cerebral blood flow and neurochemical alterations in order to determine if the relationship between increased IMT and higher glutamate concentrations observed in this study is mediated by reduced cerebral blood flow and weather they lead to cognitive dysfunction.
The primary limitation of this study is that its conclusions derive from a relatively small sample of community volunteers. A larger sample would enable the exploration of the complex interactions between the various components of MetS, an endeavor beyond the scope of the present project. Furthermore, we need to consider the constraints of our imaging methods. Our volume of interest at the occipitoparietal junction, a standard area used to represent grey matter composition, has the inherent drawback of including white matter because of its relatively large volume. Future studies should include tissue segmentation of the volume of interest as well as additional regions of interest to examine regional and tissue type variations in cerebral metabolite concentrations related to MetS. Additionally, absolute quantification of metabolites in lieu of ratios will facilitate uncovering the significance of the detected changes in metabolite ratios. Finally, our cross-sectional methodology limits our ability to predict future cognitive decline from the detected neurochemical changes. Longitudinal studies that follow participants from mid-life into older age can help validate the use of cerebral metabolite concentrations as predictors of long-term cognitive health.
Summary and conclusions
In summary, we found that the level of peripheral atherosclerosis moderated the level of elevation of cerebral glutamate concentrations in patients with MetS. These results suggest that peripheral metabolic dysfunction in midlife likely acts in conjunction with subclinical vascular disease to foster proneurotoxic conditions in the central nervous system creating early brain vulnerability.
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